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Abstract 
The objective of the present study is to demonstrate the advantages of comprehensive optical monitoring of laser 
cladding using diverse and complementary optical diagnostic tools: Pyrometer and infrared camera are applied to 
measure brightness temperature, cooling rates and temperature gradients; the CCD camera-based diagnostic tool is 
useful for a real-time measurement of particle-in-flight velocity. 
Two-phase jet flowing towards the substrate and particle focusing mechanism are analyzed by numerical simulation. 
Radial distribution of the particle mass flux over the substrate is calculated. The developed software is used to 
analyze peculiarities of the particle heating and melting by the laser beam. 
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1. Motivation 
Modern Laser Cladding (LC) progressively occupies a number of rapidly growing fields in various 
applications where thick protective coatings are used, where repairing of large and small size and 
complex geometry parts, as for example moulds, is needed, and also in the field of direct near-net-shape 
manufacturing [1]. Technology of LC is based on utilisation and optimisation of diverse complex physical 
phenomena at different spatial, temporal and temperature scales [2, 3]. Optical diagnostics and numerical 
simulation may sufficiently improve our understanding of mutual interrelated phenomena in LC and to 
define an appropriate way to reach a given industrial objective [4-6]. 
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2. Experimental 
The originally developed single spot monochromatic pyrometer was applied in the present study: 
Brightness temperature range 900-3200°C, wavelength μm, spatial resolution 800 μm, sampling 
time 50 μs, InGaAs sensor. Brightness temperature distribution in the zone of laser action was acquired 
by infrared camera FLIR Phoenix RDAS™. The camera is equipped by a InSb sensor with 3 to 5 μm 
band pass arranged on 320x256 pixels array. The brightness temperature measurement was realized under 
the following conditions: exposition time 10 or 50 μs, observation zone 40x15 mm2, angle of observation 
40° relatively to the surface normal. The pyrometers and the camera were calibrated with the help of the 
black body MIKRON M390 (maximum temperature 3000°C). The optical heads of the pyrometer and 
infrared camera were fixed directly onto the laser cladding head.  
The CCD camera-based diagnostic tool was used for a particle-in-flight visualization, for control of 
particle jet stability, and for a real-time measurement of particle-in-flight velocity. 
The present study was performed on TRUMPF DMD 505 industrial-scale laser cladding installation. 
The machine is equipped by a 5 kW CO2 - laser source. The laser beam with TEM01* power density 
distribution is focused on the substrate at 20 mm distance from the nozzle tip. The beam spot diameter 
d0.86 increases linearly from 3.6 to 5 mm as the laser power varies from 2 to 5 kW. Experiments were 
carried out with scanning speed S P  5 kW, powder feeding rate 
F Gcarrier (Ar/He)  18/2 l/min, 
Gshaping (Ar)  10 l/min and Gnozzle (Ar/He)  15/1 l/min. A coating was formed by overlapping of single 
laser beads deposited side by side with the fixed displacement p  Metal matrix composite (MMC) 
was manufactured from commercially available powders: (a) steel 16NCD13 (14NiCrMo13-4) by 
Sandvick Osprey Ltd. with -106+45 μm particle size; (b) titanium carbide  by Testbourne with -80+40 
μm particle. The powders were premixed in proportion 90/10 vol% of steel and of titanium carbide.  
In the second experimental set-up Nd:YAG laser TRUMPF HL4006D with coaxial cladding head YC 
50 by Precitec and MEDICOAT powder feeder were used. Experiments were carried out with scanning 
speed S P F 
nozzle to substrate was 9 and 10 mm. Spatial energy distribution in laser beam was measured by 
Laserscope UFF 100. Commercial metal powders Ti-based superalloy Ti6Al4V by TLS Technick 
GmbH&Co (Bitterfeld) with -100+45μm particle size (measured by optical granulo-morphometer 
ALPAGA 500 NANO) were laser-cladded. 
3. Results and Discussion 
3.1. Parametric analysis of CO2-laser cladding using pyrometer 
The pyrometer was applied to analyse variations of brightness temperature in the melt pool close to 
laser beam centre. The influence of laser power, laser cladding speed and powder feeding rate on the 
brightness temperature was studied. It was found that, even if the range of variation of brightness 
temperature is much narrower than the range of variation of process parameters, the mean temperature 
values are rather stable: mean square deviation does not exceed a few percents. 
As far as variation of scanning speed is concerned, the experimental results (Fig. 1) correspond well to 
the theoretical estimations based on linear theory of semi-infinite body heating by moving Gaussian heat 
source [7]: The surface temperature and dimensions of molten pool decrease with scanning speed and 
increase with laser power.  
The variation of brightness temperature with feeding rate is not monotonous as the ones for variation 
of laser power and scanning speed (Fig. 2). This could be explained by the peculiarities of injection of 
premixed two component powder blend: The metallic and ceramic particles collisions can modify the 
spatial distribution of powder flux reaching substrate. 
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Fig. 1.  Influence of scanning speed on brightness temperature 
 and geometrical parameters of 
track. Cladding parameters: powder 16NCD13/TiC 
(90/10 vol%); S = var; P = 5 kW; F = 15 g/min 
Fig. 2. Influence of main laser cladding parameters on 
Cladding parameters: powder 16NCD13/TiC 
(90/10 vol%); (a) P = var, S = 0.7 m/min, 
F = 15 g/min; (b) P = 5 kW, S = var, F = 15 g/min; 
(c) P = 5 kW, S = 0.7 m/min, F = var 
 
3.2. Definition of brightness temperature and restoration of true temperature in Nd:YAG - laser cladding  
using infrared camera 
The thermal image of cladding zone registered by infrared camera is presented in Fig. 3. It is 
characterized by non-monotonous ring-shape spatial distribution of emitted thermal radiation. The central 
maximum is explained by the maximum of energy density flux of the laser beam with pseudo-Gaussian 
shape that results in higher temperature at beam axis.  
 
 
 
 
 
a b 
Fig. 3.   (a) thermal image of cladded bead registered by infrared camera FLIR Phoenix RDAS™ in 3-5 m spectral range;  
(b) evolution of transversal profiles of thermal emission along the strait line shown in (a) at the end of laser cladding and 
after laser cut-off at t Curve 1 – t 2 – t  3 – t  4 – t 5 – t Laser power P 
W, scanning speed S F f  
 
The ring-shape zone with high thermal emission corresponds to the periphery area of the molten pool, 
where oxides and other nonmetallic inclusions are usually concentrated under the action of 
thermocapillary convection, and also to the neighboring solid phase areas. It is known that non-metallic 
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inclusions and oxides are characterized by higher emissivity than metals at the same temperature. This is 
the reason of higher thermal emission from the molten pool boundaries and oxidized zones of the 
substrate.  
This is confirmed by evolution of radiation emission profiles at the cooling stage, i.e. after the end of 
laser irradiation (Fig. 3): The peripheral extremes exist after the end of laser action and even after the end 
of solidification. If they are related to real temperature extremes then temperature gradients should be so 
strong that resulting heat flux will modify temperature distribution, in particular in their neighborhood, 
and strongly decrease temperature spikes. It is known that nonmonotonous distribution of surface 
temperature, as the result of nonmonotonous laser beam profile, could exist during laser action but never 
after its end when high thermal conductivity of metals and surface heat losses quickly equalizes surface 
temperature values [7, 8].  
Under the assumption that the value of temperature stabilization at solidification corresponds to the 
known melting point of TiAl6V4 which is equal to 1660°C under the equilibrium conditions, it is possible 
to define the emissivity value that in the present case equals to   
 
 
Fig. 4. Brightness temperature distribution in the cladded zone obtained by calibration of infrared camera with the black-body. 
Scanning speed S d F P f , 
(b) P f . Zone of laser irradiation is presented by dashed ring curve 
 
It was shown that laser power is one of the main governing parameters in LC [1-3]. Its influence on 
surface distribution of brightness temperature is presented in Fig. 4. The increase of track width and HAZ 
size with laser power is evident.  
The transversal profiles of true temperature (Fig. 5) have near Gaussian shape that corresponds to the 
spatial distribution of the laser beam. The maximum temperature values, that are about 2700°C, well 
exceed the melting point of TiAl6V4. High temperature gradients at melt surface, in particular in the zone 
of laser irradiation, provoke thermocapillary convection that transports melt from the zones with higher 
temperature towards the ones with lower temperature. For the temperature profiles presented in Fig. 5, 
and linear decrease of surface tension with temperature, that is typical for metals, the melt on the surface 
moves from the centre towards periphery regions of the molten pool [2, 3, 8]. This corresponds well to the 
fact that oxides are collected mainly in these regions.  
The evolution of surface temperature in the middle of the laser irradiation zone before and after the 
end of cladding is presented in Fig. 6 (a). Three distinct stages of cooling are as following: (a) cooling of 
liquid phase that is characterised by rapid temperature decrease; (b) liquid-solid phase transition in the 
near surface area that is characterised by nearly constant temperature; (c) cooling of solid phase that is 
characterised by further temperature decrease but less rapid than during stage (a). 
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Fig. 5.  Transversal profiles of true temperature in the molten pool during laser cladding. Parameters: 1 – P f 
cladding nozzle-substrate distance is 10 mm; 2 – P f -substrate distance is 10 mm; 3 – 
P f cladding nozzle-substrate distance is 9 mm. Scanning speed S powder feeding rate F 
10.5 g/min 
 
The corresponding cooling rates are presented in Fig. 6 (b). The extreme value of cooling rate reaches 
60 kK/sec during melt cooling, later on the cooling rate is  close to zero during liquid-solid phase 
transition, and finally there exists the second extreme value equals to 10 kK/sec during solid phase 
cooling.  
 
Fig. 6.  (a) evolution of true temperature in the centre of molten pool at the end of cladding; (b) cooling rates in the centre of the 
molten pool after laser shut-down. Parameters: P 750 W; f S  F  cladding nozzle-
substrate distance is 10 mm 
 
The difference of the extreme values of cooling rate is explained by the different values of 
corresponding temperature gradients, the highest one corresponds to the initial stage of melt cooling. 
Indeed, the maximum value of temperature gradient corresponds to the period of laser action, that in a 
near surface layer could be estimated as dT/dx ~ -q/ , where q is energy density flux,  is thermal 
conductivity [7]. After the end of laser action, thermal conductivity towards the bulk material as well as 
surface heat losses quickly decrease temperature gradient. The qualitatively similar results were obtained 
by numerical simulation of phase transitions in pulsed laser action on metallic slabs [8]. 
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3.3. Particles-in-flight monitoring 
 
The optical monitoring of particles-in flight is useful to optimize the conditions of powder injection in 
particular when powders of different composition, size, density and shape are injected simultaneously to 
produce a multifunctional multimaterial coating. 
During the particle jet visualization by CCD camera based diagnostic tool [9], software retains certain 
number of tracks for statistical analysis. The retained particles are marked by the two points at the 
beginning and at the end of the tracks to calculate track length and particle velocity. The experiments 
were performed using TRUMPF DMD 505 installation and applying powder feeding rate F 
and carrier gas flow rate Gc  
The typical particles velocity distribution of the powder jet at 10 - 20 mm distance from the nozzle is 
presented in Fig. 7a. The high dispersion of powder particle sizes leads to a wide distribution of particle 
velocity that changes from 6 to 13 m/s. The average particle velocity in this zone is 9.7 ± 1.3 m/sec.   
Fig. 7b presents results of influence of the carrier gas flow rate on the particles velocity. It should be 
noted that particles velocity increases with the distance from the nozzle. It was found that decreasing of 
carrier gas flow rate from 18 l/min to 10 l/min, results in particles velocity decrease by 20%. The 
increasing from 18 l/min to 30 l/min results only in insignificant augmentation by 10% of the particle 
velocity. In general, the particle velocity can be controlled by carrier gas flow rate in a broad range that 
permits to optimise the condition of laser cladding process, but there exists a critical value of gas flow 
rate after which variation of particle velocity are rather limited. 
 
 
a 
 
 
b 
Fig. 7. (a) typical particles velocity distribution at the distance from 10 to 20 mm from the nozzle. (b) dependence of particle 
velocity on the carrier gas flow rate. Powder injection parameters: Gc F  
3.4. Modeling of gas dynamics and particle transport in a multi-jet cladding nozzle  
 
A complete physical and mathematical model of laser cladding should include four main sub-tasks: (a) 
gas dynamics in the multi-jet nozzle including carrier and shaping gases; (b) transport and heating of 
particles in the gas flow in the presence of laser radiation; (c) dynamic and thermal interaction of the 
particle flux with the solid substrate and the molten pool that results in the coating growth; (d) thermal 
and residual stresses in the coating-substrate system, coating microstructure. However, to take into 
account all the above mentioned phenomena is a quite complicated problem which has not yet been 
solved. Usually only one sub-task from (a-d) or maximum two sub-tasks (for example, (a-b)) are 
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analyzed. The remaining processes are either partially or completely neglected, or they are simulated in a 
simplified way [10, 11]. 
In the present paper, the analysis is restricted to the consideration of the gas dynamics and the 
particles dynamics and heating. The basic assumptions and simplifications used in the physical and 
mathematical model as well as numerical method are well presented in [9]. The geometry of the coaxial 
nozzle and the substrate position were set up in accordance with the specifications of the TRUMPF DMD 
505 machine. The properties of Ar as powder carrier and protective gas were used in simulation, the 
powder properties are close to the ones of steel.  
3.5. Particles transport 
The particles began their motion in the circular section of the nozzle in the injection point at -10 
mm. The null of Y1-axe corresponds to the nozzle outlet. Fig. 8 presents 100 particle tracks for each 
particle size 20, 40 and 80 m. The particle impact on the nozzle walls is considered as perfectly elastic 
collision. The drag coefficient was calculated for non-spherical particles as taken from the experiments 
[9].  
 
 
(a)    (b)    (c) 
Fig. 8.  Powder transport toward the substrate: trajectories of particles with fixed diameter. Particle diameter: (a) 20 μm; (b)40 μm; 
(c) 80 μm 
The flux of fine particles is concentrated within a 10 mm cylinder at the substrate surface because 
their deviations from conical surface derived by geometry of powder injection nozzle are limited. The 
trajectories of the coarse particles are more dispersed and the area of their collision with substrate is 
larger. This is the results of their collisions with the nozzle walls. 
Figs. 9a, b shows the trajectories of the 20 m-diameter steel particles calculated taking into account 
the particle collision with the nozzle walls. Fig. 9a shows a perfect elastic rebound, and Figs. 9b shows 
the non-elastic one. In the non-elastic model, the particle flux was stabilized with a shape approaching the 
cylindrical one and the “focus point” moving downstream.  
The calculation results showing the influence of the particle initial velocities on the outlet ones are 
shown in Fig. 10. The mean initial velocity was set either equal to the gas velocity in the nozzle inlet, or 
to the gas velocity 9 m/s in the tube supplying powder towards the nozzle. According to the comparison 
with the experimental data (see chapter concerning CCD camera), the second assumption is more correct. 
Thus, the particles are accelerated not only in the nozzle but inside the powder-transport system towards 
nozzle as well. 
 
py
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(a)     (b) 
Fig. 9.  Powder transport toward the substrate: trajectories of 20- m particles with (a) elastic and non-elastic (20% energy loss at 
collision) (b) interaction with the nozzle wall; velocity variation of 100 single particles of 20- m injected into the gas flow 
with the initial velocity having a statistical deviation 
 
The effect of energy loss due to the particle-nozzle collisions was studied for 500 000 particles with 
the given particle size distribution 20-100 μm. A small energy lost of 20% corresponds to a narrower 
particle mass-flux in the center relatively absolutely elastic case (Fig. 11, curve 1). The profile of particles 
mass flux becomes more uniform with the energy loss (Fig. 11, curve 3). 
         
   a      b 
Fig. 10.  Particle velocities: Particles start accelerating with the normal distribution of velocity. The mean value was set to the gas 
velocity at nozzle inlet (a), to 9 m/s (b) that corresponds to particles acceleration before the nozzle 
 
3.6. Particles heating 
 
It was reported in [9] that the particle–in– flight are heated quasi-homogenously. The core and surface 
temperatures differ by several degrees only. The main factor defining the degree of particle heating is the 
duration of its exposition to the laser beam. 
Fig. 12 presents the temperature curves for 30 particles of 30, 50 and 80 m diameter along the OY 
axis passing through the laser beam with different trajectories. One may note that the wider temperature 
range for small particles which are more sensible for variation of heating conditions. 
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Fig. 11.  Normalized particle mass flux at the substrate for different 
energy loss at the particle collisions with the nozzle wall: 
curve 1 - 0%, 2 - 20%, 3 - 50%. Particle size is 80 μm 
 
Fig. 12. Heating of the particles of 30, 50 and 80 m 
size 
 
The law of the particle collisions with the nozzle has a great influence on the particle heating. The 
temperature of the powder flux at the substrate is shown in Fig. 13. It should be noted that the absolute 
temperature values are rather low. The eventual error may be explained by the value of the coefficient of 
absorption of laser radiation which was set to 15% in this simulation and, probably, its real value is 
higher.  
 
Fig. 13.  Temperature of particles flux at the substrate as a function of different energy loss in collisions with the nozzle wall: curve 
1 - 0%, 2 - 20%, 3 - 50%. Particle size is 80 μm 
4. Conclusions 
The pyrometer was applied to analyse variations of brightness temperature in the melt pool. The 
influence of laser power, laser cladding speed and powder feeding rate on the brightness temperature 
were studied. It is found that, even if the range of variation of brightness temperature is much narrower 
than the range of variation of process parameters, the mean temperature values are rather stable: mean 
square deviation does not exceed a few percents. 
The raw signal registered by infrared camera was transformed into brightness temperature using 
calibration with a black body. Surface distribution of brightness temperature in laser cladding zone was 
found. Emissivity was calculated by comparison of brightness temperature at the liquid-solid transition 
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with the known melting point. True temperature profiles in the molten pool were restored from brightness 
temperature and known emissivity value by application of gray body hypothesis. True temperature 
evolution in the melt pool and cooling rates of the liquid and solid phases were found. The thermal image 
can provide information about molten pool shape and cladded bead width. 
The CCD-camera-based diagnostic tool is employed for particle-in-flight visualization, for control of 
particle jet stability and for on-line measurement of particle size and velocity. The optical monitoring 
allows understanding of interaction between gas flow and particles, and optimizing the conditions of 
powder injection. 
Numerical simulation of DMD can provide quantitative information about particle-in-flight trajectory 
and temperature. Moreover, it helps to identify new factors influencing them. For example, it is shown 
that the particles are accelerated in the powder-transport system before the nozzle that influences their 
velocity at impact. It is shown that particle trajectories, temperature and averaged mass flow depend not 
only on the nozzle geometry but also on the type of particle collisions (elastic or non-elastic) with the 
nozzle walls.  
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